INTRODUCTION
Advances in neonatal care have improved survival of extremely low birth weight (ELBW) neonates. However, as 20% to 30% of ELBW survivors have major handicaps, the enhancement of survival may lead to an increasing number of children with major and minor neurodevelopmental abnormalities. 1 ± 3 Although birth weight is a strong predictor of neurodevelopmental outcome, 4 other factors that have been implicated include severe intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL), bronchopulmonary dysplasia (BPD), low Apgar scores, and socioeconomic factors. 5 ± 9 However, although the risk factors that determine adverse neurodevelopmental outcomes in ELBW neonates have been studied, the prediction of neurodevelopmental outcome in the individual neonate on the basis of these identifiable risk factors has not been very successful. 10 ± 12 The common statistical technique used for prediction is multiple regression analysis, which can identify relationships between many independent variables and a dependent variable. In clinical situations, regression methods have limitations. For example, the relationship between an independent and dependent variable may not be either linear or logical (e.g., mortality increases at extremes of birth weight) or different independent variables may not be truly independent, leading to the problem of multicollinearity (e.g., BPD and IVH are both inversely correlated with birth weight). Although modern regression techniques are designed to take these factors into account, and nonlinear modeling is possible, it is often difficult to decide a priori if complex relationships exist in a given data set. Neural networks are nonparametric pattern recognition techniques that can recognize complex or nonlinear relationships between independent and dependent variables. 13 Neural networks, which are software algorithms patterned after the structure of the brain, can``learn'' mathematical relationships between a series of independent variables and the corresponding output variables. This is achieved by``training'' the network with a training set consisting of the independent variables and the known dependent outcomes. Once trained, the neural network can be used for prediction of outcomes in a separate test or validation set. Neural networks have been shown to be superior to regression models in the prediction of intracranial hemorrhage in preterm infants, 14 cardiac complications after surgery, 15 and outcomes in critically ill patients. 16 Recently, neural networks have also been shown to be OBJECTIVE: ( 1 ) Identify major determinants of adverse neurodevelopmental outcome in extremely low birth weight ( ELBW ) infants. ( 2 ) Compare neural networks and regression analysis in the prediction of major handicaps and Bayley scores ( MDI and PDI ) in individual ELBW neonates followed to 18 months.
STUDY DESIGN:
Retrospective cohort study of regional tertiary care NICU database. A database with 21 selected variables was divided into training ( n = 144 ) and test sets ( n = 74 ) . The training set was used to train a neural network and develop regression equations to predict outcomes in the test set.
superior to logistic regression in the prediction of individual mortality in very low birth weight infants. 17 This study was devised to determine the major determinants of adverse outcome in a ELBW population using stepwise regression analysis, and to compare the techniques of regression analysis and neural networks in the prediction of adverse neurodevelopmental outcome (major handicap or low Bayley scores) in individual ELBW neonates at 12 to 18 months of age.
METHODS
A composite database was created from the University of Alabama at Birmingham Regional neonatal intensive care unit (NICU) and newborn follow-up databases. The University of Alabama at Birmingham NICU is a regional perinatal center with approximately 1000 admissions per year. All data in the NICU database were collected by a trained database specialist from patient charts immediately after discharge of the infant. Data in the follow-up database were collected prospectively. The follow-up rate for eligible neonates in the period of study was 90%.
Records of ELBW neonates (birth weight 1000 g) born from January 1990 to December 1994 (both inborn and outborn) with follow-up to 18 months of age at the multidisciplinary newborn follow-up clinic were entered into the database. Follow-up included ophthalmologic, auditory, neurologic, and developmental testing, including Bayley scales of infant development at 12 to 18 months of age (corrected for prematurity) by trained ophthalmologists, audiologists, psychologists, and pediatricians specializing in development.
The independent variables used in creating the database were identified from the available literature on predictive factors for neurologic morbidity in preterm neonates. The independent variables used were (Table 1) : maternal educational level (grade level), maternal age (maternal educational level and age as surrogates for poverty and parenting risk factors), 5, 18, 19 neonatal gender, 20 ± 22 birth weight, 20,23 ± 25 gestational age, 24 inborn (or) outborn (or) fetal referral, 26 race, 5, 20 plurality, 20, 22 Apgar score at 5 minutes, 5 grade of IVH (0 to 4), 25, 27 and presence or absence (1 or 0) of neonatal RDS, 28 BPD, 12 PVL, 27, 29, 30 NEC (!stage II), 31 intestinal perforation, 31 prolonged rupture of membranes (PROM), 24 pregnancy induced hypertension (PIH), 24, 32, 33 cesarean section delivery, 24, 33, 34 chorioamnionitis, 24, 33 antenatal use of steroids, 22 and antenatal magnesium sulfate. 32, 35 The dependent variables used were: (1) Presence or absence (1 or 0) of major handicap (clinical) diagnosis of cerebral palsy, blindness ( <20/200), deafness (requiring hearing aid), mental retardation ( <70 mental or psychomotor index), and/or hydrocephalus (requiring ventricular shunting). Most infants had no handicap. Of the infants with handicaps, many had combinations of these, and very few had an One or more doses of antenatal steroids ( 0 or 1 ) Antenatal MgSO 4 Magnesium sulfate administered intrapartum ( 0 or 1 ) isolated handicap. Therefore, the presence of any one or any combination of these poor outcomes was considered for the definition of major handicap.
(2) Bayley scales at 12 to 18 months corrected for gestational age: mental (MDI) and psychomotor developmental indices (PDI). The original Bayley scales of infant development (BSID-I) were used for the assessment during this time period, and not the more recently developed Bayley scales (BSID-II) that are known to give lower scores. If two or more scores were estimated between 12 and 18 months, the latter score was used.
A total of 218 neonates satisfying all entry criteria were identified and randomly divided into two groups in an approximate 2:1 ratio, a training set (n=144) and a test set (n=74). A 2:1 ratio was chosen to increase the number of neonates available for training the neural network while maintaining an adequate number for prediction in the test set. Forward stepwise regression was used to identify major determinants in the total set (combination of training set and test set to maximize numbers).
The training set was used to develop models to predict outcomes in the test set using the following methods:
Regression Models
Multiple logistic regression was used to develop a regression equation on the training set, and this was applied to predict major handicap in the patients in the test set. Similarly, multiple linear regression was used to predict MDI and PDI. As regression models based on all variables were not significantly different from regression models based on a subset of variables selected by the forward stepwise regression models, all variables were used for subsequent regression analyses. The software package SigmaStat v.2.0 (Jandel Corporation, San Rafael, CA) was used for statistical analysis.
Neural Network Models
A four-layer back-propagation network was trained on the training set and used to predict outcome (major handicap, MDI, and PDI separately) in the test set. The network had four layers, 21 hidden nodes, and sigmoid transfer functions. The network was trained with standard parameters (a momentum of 0.8, a learn rate maximum of 0.30, a minimum of 0.001), and iterations sufficient to reduce training error to a minimum. Variations in the number of hidden nodes were tried (results not shown) but training was best (low error and high correlation) with the 21 hidden node network design. Two-layer, three-layer, and five-layer networks were also used (results not shown) but were inferior to the four-layer network. The software package QNet 97 (Vesta Services, Inc., Winnetka, IL) was used for the neural network analysis. Receiver operating characteristic ( ROC) curves for the comparison of multiple logistic regression and neural network models in the prediction of major handicap ( top graph ), low MDI ( < 68 ) (middle graph ), and low PDI ( < 68 ) (bottom graph ) in ELBW neonates.
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Neural network and regression analysis were compared to each other by an analysis of their receiver operating characteristic (ROC) curves (AccuROC software, Accumetric Corp., Montreal, Quebec, Canada) for the outcomes of major handicap and low Bayley scores ( <68= <2 SD) (Figure 1 ) as well as by correlation coefficients of the predicted score with the true MDI and PDI.
RESULTS
The characteristics of the total set were as follows: birth weight 829123 gm (meanSD); gestational age 262 (meanSD); female 55%; African-American 66%. The training set (n=144) was comparable to the test set (n=74) (training versus test set, meanSD, all p>0.1: birth weight 830124 vs. 820122 gm; gestational age 262 vs. 262 weeks; female 57% vs. 51%; AfricanAmerican 66% vs. 67%). The mean age of the children (after correction for prematurity) at the time of estimation of the Bayley scores was 13.30.2 months.
The major determinants of major handicap, arranged in descending order of Ár 2 (effect of variable on r 2 ) were higher grade of IVH, absence of chorioamnionitis, presence of NEC!grade II, and black race (all p<0.05, Table 2 ). The major determinants of low MDI ( <68= <2 SD) were higher grade of IVH, absence of chorioamnionitis, presence of plurality, presence of BPD, and lower maternal educational level, whereas those for low PDI ( <68= <2 SD) were higher grade of IVH, presence of BPD, absence of chorioamnionitis, presence of PVL, and lower maternal educational level (all p<0.05, Table 2 ). Birth weight showed a weak positive correlation with PDI (r=0.15, p=0.03) but not with major handicap (r= À0.13, p=0.06) or MDI (r= À0.02, p=0.76). Outcomes classified on the basis of birth weight strata also showed no difference for major handicap (p=0.71 by chi-square test, Table  3 ) or MDI (p=0.9 by Kruskal-Wallis test, Table 3 ) but were significantly different for PDI (p=0.049 by Kruskal-Wallis test, Table 3 ). Outcomes were similar in the total set and the test set. The incidence of major handicap, low MDI, and low PDI in the total set was 28%, 12%, and 20%, respectively, and that in the test set was 27%, 14%, and 22%, respectively. Overall, the contributions (with marked overlap) to major handicap in the total set (28%) were cerebral palsy 15%, mental retardation 16%, hydrocephalus 5%, deafness 1.4%, and blindness 1%.
Prediction of Major Handicap
Both the multiple logistic regression model (Table 4) and the neural network model did not have high sensitivity or specificity, as can be demonstrated by the ROC curves. At 90% and 70% sensitivity, the specificity (SPEC) /positive predictive value (PPV) /negative predictive values (NPV) for the regression model were 35%/34%/ 90% and 50%/34%/82%, respectively, and that for the neural network model were 17%/29%/82%, and 30%/27%/73%, respectively. Area under the ROC curve (AUC) for the logistic regression model (0.68) and the neural network model (0.62) were comparable (p=0.48) (Figure 1 ). The results obtained by regression and neural network correlated more strongly with each other (r=0.52, p<0.001) than with the actual incidence (true versus regression: r=0.30, p=0.01; true versus neural network: r=0.22, p=0.06).
Prediction of MDI
The multiple linear regression model (Table 4) and the neural network model did not have high sensitivity and specificity for the prediction of low MDI. At 90% and 70% sensitivity, the SPEC/PPV/ NPV for the regression model was 25%/16%/94% and 53%/19%/ 92%, respectively, and that for the neural network model was 31%/ 17%/95% and 62%/23%/93%, respectively. The AUC for the logistic regression model (0.66) and the neural network model (0.75) were comparable (p=0.17) (Figure 1 ). There was a positive correlation of the true MDI with that predicted by the regression model (r=0.43, p<0.001) and the neural network model (r=0.33, p<0.01). Again, the results obtained by regression and neural network correlated with each other (r=0.66, p<0.001).
Prediction of PDI
Both the multiple linear regression model (Table 4) and the neural network model did not have adequate predictive ability for low PDI ( <68= <2SD). At 90% and 70% sensitivity, the SPEC/PPV/NPV for the regression model was 52%/33%/94% and 69%/38%/89%, respectively, and that for the neural network model was 35%/27%/ 91% and 52%/28%/86%, respectively. The AUC for the logistic regression model (0.75) and the neural network model (0.69) were comparable (p=0.46) (Figure 1 ). There was positive correlation of the true PDI with that predicted by the regression model (r=0.42, p<0.001), whereas the neural network model had a lower correlation coefficient (r=0.21, p=0.07). The results of regression analysis and neural network correlated poorly with each other (r=0.19, p=0.11).
Analysis on the Basis of Major Determinants
Grade of IVH, presence of chorioamnionitis, BPD, and maternal educational level were analyzed further by multivariate analyses because IVH grade and chorioamnionitis were determinants of all three outcomes and BPD and maternal educational level were determinants of both MDI and PDI. The percentages of infants with handicap/low MDI/low PDI were 25%/7%/16% even in the absence of IVH (n=146), and were 33%/ 29%/24% for those with grade 3 IVH (n=21) (grades 1 and 2 were comparable to grade 0). As expected, grade 4 IVH (n=16) lowered PDI considerably, and the percentages of handicap/low MDI/low PDI were 69%/44%/63%.
Infants with chorioamnionitis (n=57) were of a lower gestational age (GA 260.2 vs. 270.2 weeks, p<0.001), had a higher grade of IVH (grade 3 or 4 IVH: 28% vs. 13%, p=0.015), but had a higher MDI (MDI 1073 vs. 982, p=0.04) than those infants without chorioamnionitis (n=161).
Infants with BPD (n=70) had a lower birth weight (77915 vs. 85010 gm, p<0.001) than those without BPD (n=148) but had a similar IVH grade (grade 3 or 4 IVH: 31% vs. 21%, p=0.5) and a trend toward higher incidence of chorioamnionitis (0.340.06 vs. 0.220.03, p=0.07). The incidence of low PDI was higher in the presence of BPD but the incidence of handicap and low MDI were not statistically different (percentage of handicap/low MDI/low PDI in BPD versus no BPD: 35%/17%/32% vs. 27%/10%/ 14%).
Higher maternal educational levels had a beneficial effect on MDI and PDI (see Tables 2 and 4) , although no clear``cut-off'' level was identified that predicted a better outcome. The regression equations indicated that every additional grade level contributed 1.5 to 2 points in the infant's MDI and PDI.
DISCUSSION
This study addresses both the identification of major determinants of adverse neurodevelopmental outcome in ELBW neonates and the comparison of two methods for the prediction of outcome in individual ELBW neonates. Determinants of major handicap, low MDI, and low PDI were identified by regression analysis. However, both regression analysis and neural networks were able to account for less than 20% of the variance in these neurodevelopmental outcomes.
This study is limited by the small population studied, despite data collection in a large regional perinatal center over a 5-year period. This is in part because ELBW infants constitute only a small proportion of live births and suffer higher mortality, which limits the number of infants available for follow-up. Another limitation of this study is the relatively short follow-up, because it is known that school age outcomes may correlate better with long-term outcome 294ÂMgSO 4 ) +(12.825Âchorioamnionitis) +(0.247Âgest age in wks) À (0.0338ÂBWt) (0.671Âinborn 1/outborn 2/fetal referral 3) À (1.761ÂWht1/Blk2) À (7.674Âplurality) À (0.0529ÂApgar5) À (0.284ÂRDS) À (13.633ÂBPD) À (6.181ÂIVH grade) À (17.562ÂPVL) À (7.824ÂPerf) À (2.436ÂPROM) À (6.037ÂPIH) À (2.270ÂCsect) PDI=12.647+(1.798Âmaternal education)+(0.00666Âmaternal age)+(0.598ÂM1F2)+(2.641Âgest age in wks)+(0.395Âapgar5)+(3.988Ârds) +(2.813Âprom)+(7.247Âsteroid)+(8.789Âchorioamnionitis) À (0.00388ÂBWt) À (1.764Âinborn 1/outborn 2/fetal referral 3)
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than follow-up at 12 to 18 months. However, there is some evidence that neurologic assessments performed even as early as 1 year of age are reasonably accurate predictors of later status. 36 The good Bayley scores for this population of children may be due in part to use of the original BSID, combined with the younger ages of the infants. Furthermore, neonatology practices and outcomes have been changing rapidly, leading to a decreased utility of studies with very long follow-up, for the outcomes observed with older concepts, medications, and methods may not be readily extrapolated to the present or future. Another shortcoming of a retrospective cohort study, rather than a prospective study, in that the study is constrained by the data fields already existing in the databases. For example, we were unable to evaluate variables such as cord pH, use of postnatal steroids, peak serum bilirubin, white matter echogenicity, or results of predischarge neurologic evaluation because these data fields did not exist in our database at that time.
The determinants that were identified in this study are similar to those in previous studies, with some exceptions. The grade of IVH was noted to be a common determining factor in our study, and this corroborates the work of Piecuch et al., 26 Hack et al., 23 and others 11, 19, 25, 37 who observed that neurodevelopmental outcome is strongly influenced by the grade of IVH. However, it should be noted that 25% of the ELBW neonates without an identifiable IVH developed major handicap, and 7% and 16% had a low MDI and PDI, respectively. Furthermore, the low Ár 2 (approximately 5% for handicap and PDI, and 8% for MDI) suggests that although statistically very significant (p<0.001, p=0.002, and p<0.001, respectively), the grade of IVH accounts for only a small portion of the variation in handicap, and low MDI or PDI.
Several previous studies have identified chorioamnionitis as a risk factor for cerebral palsy in very low birth weight neonates. 24,38 ± 40 However, our study showed that infants with chorioamnionitis actually had a higher MDI, and the PDI and the incidence of handicap were comparable to those without chorioamnionitis, even though the neonates with chorioamnionitis were of lower gestational age and had a higher grade of IVH. It should be noted that the previous studies had evaluated cerebral palsy but not other major handicap or Bayley scores. In the presence of chorioamnionitis, cerebral palsy manifests more often as diplegia rather than as quadriplegia 40 and consequently, MDI scores may be normal. It is possible that the higher grade of IVH did not affect outcomes significantly in the chorioamnionitis group as the majority of the neonates had less than a grade 3 IVH, with an outcome similar to that of no IVH. The reasons for the elevated MDI in the chorioamnionitis group are unclear and require more detailed investigation of the link between antenatal infection and neurologic maturation, differentiation, and susceptibility to injury.
BPD, which has been identified as a major risk factor for poor cognitive and motor outcome 12, 23 was also identified as a significant determinant of MDI and PDI in our study. In our study, infants without BPD or IVH had MDI and PDI that were comparable to those with BPD but without IVH, indicating that BPD by itself is a poor predictor of bad outcomes. This supports the work of Leonard et al. 19 who observed that infants without any intracranial hemorrhage or parenting risk factors had a normal outcome despite severe chronic lung disease.
Maternal educational level, which we had used as a proxy for poverty and parenting risk factors, in the absence of income or neglect data, was also a predictor of neurologic outcome even by 12 to 18 months of age. Leonard et al. 19 observed that the factor associated with the highest incidence of later abnormality was the parenting risk factor, and the influence of these social risk factors was also stressed by McCormick and Wise. 18 Maternal grade level, in the absence of income data, appears to serve as a successful proxy. Maternal IQ scores were not available for correlation, which would have differentiated to some degree between genetic and socioeconomic factors.
The other determinants that were identified, such as NEC and race for major handicap, plurality for MDI, and PVL for PDI, have been identified in previous studies 5,20,22,27,29 ± 31 as contributing to poor outcomes and our retrospective cohort study validates these studies. Although the determinants identified statistically in our study may not be causal but strong associations, they pave the way for hypothesis-testing studies.
Birth weight alone was not a predictor of major handicap or MDI in ELBW neonates, although PDI was lower with decreasing birth weight. Piecuch et al. 26 and La Pine et al. 41 found that infants stratified on the basis of birth weight did not differ in neurologic outcome. The study by Hack et al. 23 compared the outcome of neonates <750 gm to cohorts of neonates 750 to 1499 gm birth weight and neonates born at term. In that study, neurologic outcomes were worse in the group with birth weight <750 gm. Our study suggests that the effect of birth weight on PDI is probably more than that on MDI, and it is possible that differences in MDI or major handicap with birth weight strata are not obvious due to the small weight range in this study (500 to 1000 gm) and large variation in MDI scores in each weight range.
However, despite the identification of some of the major determinants of major handicap, MDI, and PDI, the results of the stepwise regression analysis and correlation with the true values indicates that only about 15% to 20% of the variation in outcome is accounted for by the variables identified. Neural networks, which have been shown to be superior to regression analysis in the identification of complex nonlinear biologic relationships, 13 ± 15,17 were not better in improving prediction compared to multiple regression in this study. The study by Zernikow et al. 17 utilizing admission data on a total of 890 VLBW neonates showed that neural networks were superior to logistic regression analysis in the prediction of individual mortality. We have also previously demonstrated that neural networks are more sensitive for the detection of individual mortality in ELBW neonates. 42 One of the possible reasons for the underperformance of neural networks in this study may lie with the selection of the independent variables. The variables used are those that have been reported as risk factors, usually as the result of conventional statistical analysis in the available literature and subsequently included in the neonatal database. These risk factors often have a linear or logistic relationship to the dependent variable and are hence amenable to regression analysis. Risk factors that have nonlinear or nonlogistical relationships to the outcomes may yet be undiscovered and hence unmeasured. However, it may be possible that no nonlinear relationship exists, and the majority of the variance is idiopathic biologic variation with no identifiable cause. It has been recently suggested that neural networks may prove useful in epidemiologic problems that involve pattern recognition or complicated classification techniques and at assigning risk levels, and may be relatively less useful in problems that involve distinct effects of distinguishable predictors. 43 Neural networks also perform better with larger data sets (in the thousands) and their performance may be constrained by the relatively small sample size in this study. Although neural networks were not superior to regression analysis in this study, it is possible that a prospective study with larger data set with more variables would yield better results. In general, compared to regression analysis, neural networks have the advantage of being able to detect complex nonlinear relationships and all possible interactions between predictor variables. 44 They also require less formal statistical training, although the availability of multiple training algorithms indicate that sufficient experience with their use is required. However, the model development is empirical, computation intensive, prone to overfitting, and often compared to à`b lack box''. 44 The``black box'' nature or inability to visualize the relative importance and relationships among input variables requires sequential addition or removal of variables from the model to determine the contribution of each independent variable to the dependent variable.
More effort needs to be directed at identification of the factors associated with poor neurodevelopmental outcome not only because prediction of poor outcomes in individual neonates is important, but also because modification of the predisposing factors may be possible. It is possible that events such as IVH or PVL that have been considered predictors of poor outcome may only be early sequelae of earlier causal determinants rather than be determinants themselves. An improved understanding of the major determinants of ELBW outcome, combined with an ability to collect and analyze large amounts of clinical data from multicenter networks, may improve our ability to estimate outcomes of neonatal intensive care, that may in turn aid with selective early intervention, ethical decision making, as well as with quality assurance programs.
